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Abstract
Depressive episodes are frequently preceded by stressful life events. Evidence from genetic association studies suggests a
role for the glucocorticoid receptor (GR), an essential element in the regulation of stress responses, in the pathophysiology
of the disorder. Since the stress response system is affected by pregnancy and postpartum-associated changes, it has also
been implicated in the pathophysiology of postpartum depression. Using a 262 factorial design, we investigated whether a
heterozygous deletion of GR would influence maternal care behavior in C57BL/6 and Balb/c mice, two inbred strains known
to display qualitative differences in this behavior. Behavioral observation was carried out between postnatal days 1 and 7,
followed by a pup retrieval test on postnatal days 7 or 8. While previously noted inter-strain differences were confirmed for
different manifestations of caring behavior, self-maintenance and neglecting behaviors as well as the pup retrieval test, no
strain-independent effect of the GR mutation was noted. However, an interaction between GR genotype and licking/
grooming behavior was observed: it was down-regulated in heterozygous C57BL/6 mice to the level recorded for Balb/c
mice. Home cage observation poses minimal disturbance of the dam and her litter as compared to more invasive
assessments of dams’ emotional behavior. This might be a reason for the absence of any overall effects of the GR mutation,
particularly since GR heterozygous animals display a depressive-like phenotype under stressful conditions only. Still, the
subtle effect we observed may point towards a role of GR in postpartum affective disorders.
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Introduction
Depression is an etiologically complex psychiatric disorder with
both genetic and environmental factors impacting on disease
vulnerability. Regarding the former, the glucocorticoid receptor
(GR) is a pivotal candidate gene, and there is evidence for
functionally and pathophysiologically relevant roles of GR single
nucleotide polymorphisms from genetic association studies [1,2].
Additionally, GR responsiveness can be influenced by epigenetic
mechanisms induced by known risk factors for depression [3].
Among those, stress is a central player, and the majority of major
depressive disorder first episodes are preceded by stressful life events
[4]. With their high emotional salience, pregnancy and childbirth
are stressful life events for many women that may cause significant
anxiety and discomfort [5,6]. The stress response system undergoes
numerous changes during pregnancy and postpartum [7] and has
accordingly been implicated in the pathophysiology of postpartum
depression [8,9], a disorder affecting approximately one in seven
women worldwide [10]. With reduced ability to perceive a child’s
signals, to interpret them correctly and react accordingly, as well as
lesser degree of playful body contacts and loving interactions
[11,12], bonding between mother and child as well as childcare can
be seriously disturbed in depressed women [13].
Different strategies of targeted mutagenesis in mice have been
employed to study the effects of GR dysfunction and its potential
behavioral consequences [14]. Animals carrying abnormalities in
the GR (nervous-system/forebrain-specific or heterozygous knock-
out) are more susceptible to develop an emotional or depressive-
like phenotype [15]. While forebrain-specific knockout mice
display a depression-like phenotype in adulthood under basal
conditions, heterozygous GR mice possess a heightened vulnera-
bility that manifests only when animals are exposed to challenging
situations through a specific external stressor such as restraint- or
footshock stress [16,17,18]. In consideration of these findings, we
were interested to find out if disrupted glucocorticoid signaling via
a heterozygous GR deletion, a depression-prone genetic make-up,
induces immediate differences in caring behavior of mice towards
their offspring in a way reminiscent of the phenomenology of
postpartum depression. We hypothesized the emergence of a
depression-like behavioral profile in GR heterozygous animals,
specifically an increase in maternal neglect and/or a reduction of
caring behaviors.
Balb/c and C57BL/6 mice, two of the most commonly used
inbred strains of laboratory mice, are known to differ markedly in
emotional reactivity, anxiety-like behavior and general activity
with Balb/c mice being more reactive and fearful than C57BL/6
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maternal care delivered to their offspring: C57BL/6 dams have
been found to spend more time licking and grooming their pups
than their Balb/c conspecifics [22,23,24,25,26], which generates a
considerable early-life environmental condition, a fact that has to
be borne in mind with regard to any kind of developmental
hypothesis [27]. These inter-strain differences have been employed
to study the relevance of early-life adversity and different genetic
variations associated with an increased risk for affective and
anxiety disorders [23,28,29,30,31]. However, interest has mainly
focused on offspring effects while largely ignoring the impact of
these variations on maternal care behavior.
Variation in the genetic background of strains is known to affect
test outcomes [32]. In addition, strain differences, which are –
direct or indirect – genetic differences [33], are tied to differences
regarding maternal care. Hence, in order to determine the
external validity of the behavioral phenotypes while at the same
time revealing biologically relevant interactions [34,35], we
intended to pursue our research objective with a 262 factorial
design [36]. This allows for the discrimination of effects that
generalize across strains and those depending on an interaction of
strain and GR genotype.
Materials and Methods
Animals
According to a 262 factorial design we investigated a total
number of 26 mature dams of two inbred strains (C57BL/6N,
Balb/c) that either carry a heterozygous mutation of the GR or
not: C57BL/6N wildtypes (+/+; n=6), C57BL/6N with a
heterozygous mutation of the GR (+/2; n=7), Balb/c wildtypes
(+/+; n=7), and Balb/c with a heterozygous mutation of the GR
(+/2; n=6). Mating was conducted by introducing two females
into the cage of a male wildtype conspecific. Delivery was
dependent on mating success but took place within a period of 2–3
weeks. Litters were left intact, delivery cages remained unchanged
during the observation period. Since not enough females became
pregnant during the first mating session, additional time-delayed
matings were necessary to reach a statistically representative
number of animals. Thus, behavioral observations were conducted
in two independent replicates, each comprising 13 dams. Animals
were constantly kept in conventional type III cages (length
42 cm6width 25 cm6height 14,5 cm) in a regular day-night
cycle (lights on at 6:00, lights off at 18:00) with nesting material
(tissue), and food and water ad libitum.
Ethics Statement
All procedures complied with the regulations covering animal
experimentation within the EU (European Communities Council
Directive 86/609/EEC) and Germany (Deutsches Tierschutzge-
setz). Experiments (breeding, mating, handling and observations)
were approved by the German animal welfare authorities
(Regierungspra ¨sidium Karlsruhe, permit number 35-9185.81/
G144/04) and performed in the animal facilities of the Central
Institute of Mental Health in Mannheim, Germany. Moreover, all
efforts were made to minimize the number of animals used and the
severity of procedures applied in this study.
Generation of GR heterozygous animals
The founders of GR-heterozygous animals were developed as
previously described by Tronche [37]. Briefly, by employing
homologous recombination in embryonic stem cells, a modified
GR allele was generated with a loss of exon 3, encoding the first
zinc finger of the receptor’s DNA-binding domain, and a
subsequent shift of the open reading frame. GR-heterozygous
animals carrying this ‘‘null-allele’’ had been backcrossed for more
then 10 generations into the C57BL/6 background as described
earlier [17]. For the present study, this deficient GR-allele was also
backcrossed for more then 10 generations into the Balb/c strain.
Behavioral observation
Allbehavioralobservationswerecarriedoutbythree experienced
researchers throughout the study. The observers entered the room
at least five minutes before the start time of the observation to allow
the mice to habituate to their presence. Observations were carried
out in two sessions per day between postnatal days 1 and 7.
Behavioral observation sessions took place between 9:00 and 10:30
and between 14:00 and 15:30, when white lights were on and
animals were in their inactive phase. As recording method we used
scan sampling throughout the experiment [38], scanning the
behavior of each dam one after another. Thereby, the observer
recorded whether or not a specific behavior occurred on the instant
of each sample point (instantaneous sampling). Each session lasted
about 45 min, yielding 30 scans per session and dam. Scan data
werethen summed up acrosssession and dayand related to the total
amount of recorded scans. Dams were observed for 5 out of 7 days,
leading to a total number of 270 to 330 scans per dam. To avoid a
biasinmaternal care related to observation day,thefive observation
days were randomly chosen across PND 1 and PND 7. Behaviors
were manually recorded onto check sheets.
Behavioral analysis was performed on the basis of previously
employed ethological parameters (Table 1). In nest behaviors
comprised: ‘licking/grooming’, ‘active nursing’, ‘passive nursing’
and ‘nest building’ as manifestations of caring behavior; ‘self-
grooming’ as a manifestation of dam self-maintenance; and ‘pups
out of nest’ as a neglecting behavior that related neither to the
dam’s immediate self-care nor her interacting with her litter. Out-
of-nest behaviors were ‘eating/drinking’ and ‘self-grooming out of
nest’ as self-maintenance behaviors and ‘climbing/digging’ as
manifestation of neglecting behavior.
Pup retrieval test
Behavioral observations were completed by a pup retrieval test
[39,40]. This test was performed on PND 7 or 8 depending on the
motility of the pups, which was very sensitive to change during
specifically this period because the time of delivery on PND 0
certainly varied. Latencies were recorded until a mother: a)
retracted two of her pups, which had been placed in the corners of
the home cage, back into the nest (‘back in nest’) and b) crouched
over the litter (‘crouching over pups’). There was a cut-off after
300 seconds if the dam did not retrieve her pups. Moreover, the
amount of time was recorded that the dam spent handling her
pups (‘handling’).
After this procedure the entire observation series was terminat-
ed, and mother and pups were placed into a fresh cage.
Statistical evaluation
All data were analyzed using General Linear Models (GLM).
To meet the assumptions of parametric analysis, residuals were
graphically examined for homoscedasticity and outliers, and, when
necessary, raw data were transformed using square-root or angular
transformations. Based on the 262 factorial design, a two-way
ANOVA with ‘‘strain’’ and ‘‘GR genotype’’ as between-subject
factors was used to analyze maternal care behavior. For the
analysis of the pup retrieval test, we included ‘‘PND’’ as a blocking
factor in the statistical design in order to account for variation due
to the testing day. Where significant interactions occurred, t-tests
were calculated following the GLM to obtain more specific
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multiple comparisons we then used Holm’s Sequential Bonferroni
Procedure [41] to adjust alpha-levels. All statistical tests were
conductedusing thesoftwarepackageSPSS/PASW(version18.0for
Windows). Differences were considered to be significant at p,0.05.
Results
Behavioral observation
The analysis of maternal care behavior revealed an effect of
strain on all three behavioral categories studied, while an effect of
GR genotype on maternal behavior was not detected (Table 2).
With respect to caring behavior, C57BL/6N mice displayed
significantly more ‘licking/grooming’ (F1,22=8.469, p=0.008,
Fig. 1A) and ‘passive nursing’ (F1,22=7.365, p=0.013, Fig. 1B)
than Balb/c mothers. Furthermore, statistically significant strain
differences occurred for self-maintenance behavior, demonstrating
that Balb/c mothers spent more time ‘self-grooming out of nest’
than C57BL/6N dams (F1,22=12.120, p=0.002, Fig. 1C).
Concerning neglecting behavior, statistical analysis revealed a
significant strain effect on ‘climbing/digging’ with Balb/c mice
showing more ‘climbing/digging’ than their C57BL/6N conspe-
cifics (F1,22=10.281, p=0.004, Fig. 1D). Moreover, Balb/c pups
tended to be outside the nest more often than C57BL/6N pups
(F1,22=3.229, p=0.086), indicating that Balb/c mothers were less
observant of their litter. All other behavioral measures, including
Table 1. Ethogram used for the assessment of maternal care behavior in C57BL/6N and Balb/c dams.
Description Categorization
In nest
licking/grooming dam touches the pup’s body with her tongue, dam handles the pup’s body with her forepaws or nose caring behavior
active nursing dam presents an upright dorsal arch posture with the depressed head posture over the pups which are attached
to the nipples
caring behavior
passive nursing dam lies immobile on pups and has her eyes open or closed caring behavior
nest building dam collects and/or handles nesting material around the pups with mouth or forepaws caring behavior
self-grooming licking, brushing or scratching fur or paws with tongue or paws inside the nest self-maintenance
pups out of nest pups are outside of the nest with no contact to dam, to other pups or nesting material neglecting behavior
Out of nest
eating/drinking chewing food, sawdust or feces; licking water from bottle tip self-maintenance
self-grooming licking, brushing or scratching fur or paws with tongue or paws outside the nest self-maintenance
climbing/digging dam climbs with all four paws attached to the cage lid, dam uses forepaws to scratch sawdust away from her body neglecting behavior
Behavioral measures are categorized according to their presumed function in ‘self-maintenance’, ‘caring’ and ‘neglecting behavior’.
doi:10.1371/journal.pone.0019218.t001
Table 2. Summary of all data generated by behavioral observations and the pup retrieval test.
Balb/c GR +/+ Balb/c GR +/2 C57Bl/6N GR +/+ C57Bl/6N GR +/2 Transf Strain Genotype Interaction
In nest
licking/grooming [%] 7,95161,070 9,79061,454 16,61561,273 11,10162,476 NT 0,008 ** 0,043 *
active nursing [%] 14,61364,955 9,91363,589 6,13062,323 11,80063,654 sqrt
passive nursing [%] 43,47164,482 49,02763,801 64,87064,993 57,29967,275 NT 0,013 *
nest building [%] 6,62461,089 6,05861,317 5,53260,857 10,34663,220 sqrt
self-grooming [%] 4,51760,579 6,14061,710 3,84860,863 5,30461,214 sqrt
pups out of nest [%] 5,50762,484 2,07061,485 1,49861,265 0,24660,123 sqrt 0,086 T
Out of nest
eating/drinking [%] 10,38762,299 10,83561,664 14,42263,166 10,06763,808 NT
self-grooming [%] 1,78360,410 2,90861,037 1,01060,338 0,36060,198 sqrt 0,002 **
climbing/digging [%] 6,92461,514 5,57861,186 1,71861,254 2,47761,123 NT 0,004 **
Pup retrieval test
handling [%] 26,41064,661 24,65865,226 34,61468,825 47,40266,456 NT 0,048 *
pups back in nest [s] 165,286635,313 135,600635,730 107,167633,491 83,000622,290 angular
crouching over pups [s] 232,714633,622 166,600639,829 178,500641,680 206,143644,680 angular 0,051 T
Data analysis was done using GLMs on the basis of 26 dams belonging to four different treatment groups: Balb/c wildtypes (+/+; n=7), Balb/c with a heterozygous
mutation of the GR (+/2; n=6 for behavioral observations, n=5 for the pup retrieval test) C57BL/6N wildtypes (+/+; n=6), C57BL/6N with a heterozygous mutation of
the GR (+/2; n=7). Data are given as untransformed means 6 standard error of the mean (s.e.m.). The statistical analysis is summarized with respect to the
transformation used (NT=not transformed, sqrt=square root transformation, angular=angular transformation) and the effects of ‘‘strain’’, ‘‘GR genotype’’ and
‘‘strain-by-GR-genotype-interaction’’ (T=tendency; *p,0.05, **p,0.01).
doi:10.1371/journal.pone.0019218.t002
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‘sleeping out of nest’ were not affected by strain (Table 2).
Although statistical analysis did not reveal any direct effects of
GR genotype on maternal care behavior, a strain-by-GR-
genotype-interaction was found for ‘licking/grooming’ (F1,22=
4.601, p=0.043). Subsequent group comparisons showed that
C57BL/6N +/+ mothers spent more time ‘licking/grooming’ than
Balb/c +/+ (T11=25.253, p,0.001, significant after Bonferroni
correction, Fig. 1A) and Balb/c +/2 dams (T10=23.532,
p=0.005, significant after Bonferroni correction, Fig. 1A). Fur-
thermore, no difference occurred between C57BL/6N +/2 and
Balb/c +/2 mothers (T11=20.436, p=0.671, Fig. 1A), and
C57BL/6N +/2 and Balb/c +/+ dams (T12=21.168, p=0.266,
Fig. 1A), indicating that the heterozygous mutation of the GR
down-regulated ‘licking/grooming’ in C57BL/6N dams to the
level of Balb/c mothers.
Pup retrieval test
When assessing the time it took for the dam to recollect two of
her pups from the opposite corner of the home cage into the nest
at PND 7 or PND 8, respectively, no differences were found
between mothers of different strains and GR genotypes (Table 2).
However, C57BL/6N mice were found to spend more time
‘handling’ their pups than Balb/c mothers (F1,20=4.450, p=
0.048, Fig. 2A). Furthermore, a strain-by-GR-genotype interaction
tendency was found with respect to the behavioral measure
‘crouching over pups’ (F1,22=4.326, p=0.051, Fig. 2B).
Discussion
The objective of our study was to investigate the role and
relevance of a heterozygous mutation of the glucocorticoid
receptor in shaping maternal care in two strains of mice which
have been described to exhibit differences in this type of behavior.
The 262 factorial design enabled us to segregate the effects of the
GR mutation that are potentially generalizable across strains from
strain-related differences as well as interactions of GR genotype
and strain. In light of the stress-induced proneness to depression of
GR heterozygous animals and multiple HPA axis alterations
during pregnancy and postpartum, we expected GR heterozygous
mothers to display lower-quality maternal care than wildtypes.
We were able to confirm previously noted inter-strain differences
inmaternal care behavior inC57BL/6NandBalb/cmice. C57BL/
6N dams demonstrated increased attendance inside the nest in
closer contact to the pups as they spent more time licking and
grooming. In addition, Balb/c mothers performed significantly
more time climbing and digging out of the nest, i.e. a ‘‘neglecting’’
behavior without immediate relevance to the dams’ own or the
progeny’s survival, as well as self-grooming outside the nest. Finally,
in the pup retrieval test, C57BL/6N mothers spent a larger
proportion of the test time handling their pups. While no overall
independent GR genotype effect could be detected, an interaction
between GR genotype and strain was observed in licking/grooming
behavior whereby heterozygous C57BL/6N mothers’ behavior was
down-regulated to the level of Balb/c dams. The markedly reduced
level of maternal care shown by that strain, however, might mask
potential effects of the GR mutation taking the form of a further
decrease of maternal care, which might be at odds with the
minimum requirement to ensure pups’ survival.
Since observation was carried out during the light, i.e. the
animals’ inactive, phase, one might ask for the influence of time of
day, or activity phase, on the assessed behavior. Maternal care in
mice and rats displays a circadian rhythm with the amount of time
spent nursing higher during the light phase [42]. We thus decided
to focus our observations on this more relevant phase.
Home cage observation as an experimental technique to assess
the dams’ behavior is completely non-invasive. This might be one
reason why no strain-independent GR genotype-associated differ-
ences in maternal behavior were found in our experimental setting.
Recalling previous studies of GR heterozygotes, these mice do not
show a behavioral phenotype under basal, i.e. unstressed,
conditions but only when exposed to a stressful challenge [17].
Hence, it is likely that more invasive manipulations of the postnatal
environment could evoke a more pronounced depressive-like
phenotype in GR heterozygous mothers. However, experimental
modes using stress to trigger such a phenotype would necessarily
induce maternal separation, which in and of itself is known to affect
the offspring [43], which in turn is mediated by altered amounts of
maternal licking [44,45]. In order to further elucidate this matter, it
would be necessary to separate the immediate ethological
investigation of maternal care from that relating to depressive-like
behavior in the mothers e.g. through application of Porsolt’s Forced
Swim Test or Learned Helplessness.
Ourresults provide aninterestingavenue forfurther investigation
into the role of GR disturbances in dams’ postnatal emotional
behavior. With an – albeit limited and subtle – interactive effect of
the GR mutation and strain on maternal care, the phenotype is
reminiscent of that of human postnatal depression where mothers
impaired childcare and neglect often accompany binding difficulties
the mothers experience towards their children [46]. Peripartal HPA
axis changes have been investigated in both humans and animals,
and there are few animal models of postpartum depression. The
ovarian-steroid withdrawal model [47] is one model, but it does not
allow for an exploration of offspring effects due to required
ovariectomy in the females. There are models employing exposure
to gestational stress [48] and postpartum treatment with high levels
of corticosterone [49]. However, since gestational stress alters the
amount of maternal licking, and maternal licking can affect the
offspring’s phenotype independent of the mother’s emotional
phenotype [48,50], and handling of the dams for the corticosterone
injections during postpartum [49] disturbs the litter, it is difficult to
discriminate and clearly identify the relative effects and contribu-
tions of each variable in these paradigms.
The three categories employed to analyze maternal care
behavior, i.e. ‘caring behavior’, ‘self-maintenance’ and ‘neglecting
behavior’ differ from previously employed categorizations. Even
though there are similarities with respect to the individual
parameters assessed, these were grouped into different overarching
categories. While Coutellier and colleagues differentiate ‘active
nursing’, ‘passive nursing’ and ‘non-nursing/others’ [51], we
considered it apt to establish an a priori categorization allowing for
a more precise breakdown of non-nursing behaviors relevant for
Figure 1. Effects of strain and genotype on maternal care behavior. Behavioral strain differences between C57BL/6N and Balb/c mothers
with a glucocorticoid receptor wildtype (GR +/+) or a heterozygous deletion (GR +/2) are exemplarily presented for four different behavioral
measures: (A) ‘licking/grooming’, (B) ‘passive nursing’, (C) ‘self-grooming out of nest’ and (D) ‘climbing/digging’. While strains were found to differ
significantly in all four measures, GR genotype did not affect the behavior. Moreover, a significant strain-by-genotype-interaction was found with
respect to ‘licking/grooming’. While C57BL/6N +/+ dams spent more time ‘licking/grooming’ than Balb/c mothers of both GR genotypes, no
difference was found between C57BL/6N +/2 mothers and Balb/c dams. Data are presented as untransformed means 6 standard error of the mean,
*p ,0.05, ** p,0.01.
doi:10.1371/journal.pone.0019218.g001
Maternal Care: Impact of Glucocorticoid Receptor?
PLoS ONE | www.plosone.org 5 April 2011 | Volume 6 | Issue 4 | e19218the condition of the litter in either a positive (self-maintenance) or
negative (neglecting behavior) way. The category ‘caring behavior’
encompasses not only nursing per se but also activities like nest
building [52], which, however, are of immediate importance for
the offspring’s welfare.
We assume our ethological method for monitoring the maternal
environment by means of a non-invasive strategy will prove a
valuable complementary tool to be employed in future studies
regarding the effects of targeted mutagenesis in postpartum rodent
emotional behavior and maternal care. Genetic and epigenetic
GR modification with its behavioral consequences remains an
interesting strategy for the further investigation of the pathophys-
iology of postpartum depressive disorder.
Acknowledgments
We are grateful to Madeleine Saitta and Nadja Waldi for excellent animal
caretaking.
Author Contributions
Conceived and designed the experiments: SC PG CB. Performed the
experiments: SC CB MV NP. Analyzed the data: SHR CH. Wrote the
paper: CH SC. Supervised the experimental work in the lab: PG BV.
Contributed to manuscript preparation: SHR CH SC CB PG BV MV.
References
1. van Rossum EF, Binder EB, Majer M, Koper JW, Ising M, et al. (2006)
Polymorphisms of the glucocorticoid receptor gene and major depression. Biol
Psychiatry 59: 681–688.
2. van West D, Van Den Eede F, Del-Favero J, Souery D, Norrback KF, et al.
(2006) Glucocorticoid receptor gene-based SNP analysis in patients with
recurrent major depression. Neuropsychopharmacology 31: 620–627.
Figure 2. Effects of strain and genotype on maternal behavior in the pup retrieval test. Behavioral strain differences between C57BL/6N
and Balb/c mothers with a glucocorticoid receptor wildtype (GR +/+) or a heterozygous deletion (GR +/2) are presented for two out of three
behavioral measures: (A) ‘handling’ and (B) ‘crouching over pups’. Strains differed significantly in ‘handling’, but GR genotype did not affect any of the
behavioral measures. However, a tendency for a strain-by-genotype-interaction was found with respect to ‘crouching’. Data are presented as
untransformed means 6 standard error of the mean, T p,0.1, * p,0.05.
doi:10.1371/journal.pone.0019218.g002
Maternal Care: Impact of Glucocorticoid Receptor?
PLoS ONE | www.plosone.org 6 April 2011 | Volume 6 | Issue 4 | e192183. Meaney MJ, Szyf M (2005) Environmental programming of stress responses
through DNA methylation: life at the interface between a dynamic environment
and a fixed genome. Dialogues Clin Neurosci 7: 103–123.
4. Mazure CM, Bruce ML, Maciejewski PK, Jacobs SC (2000) Adverse life events
and cognitive-personality characteristics in the prediction of major depression
and antidepressant response. Am J Psychiatry 157: 896–903.
5. Geller PA (2004) Pregnancy as a stressful life event. CNS Spectr 9: 188–197.
6. Sorenson DS, Tschetter L (2010) Prevalence of negative birth perception,
disaffirmation, perinatal trauma symptoms, and depression among postpartum
women. Perspect Psychiatr Care 46: 14–25.
7. Lightman SL, Windle RJ, Wood SA, Kershaw YM, Shanks N, et al. (2001)
Peripartum plasticity within the hypothalamo-pituitary-adrenal axis. Prog Brain
Res 133: 111–129.
8. Charmandari E, Tsigos C, Chrousos G (2005) Endocrinology of the stress
response. Annu Rev Physiol 67: 259–284.
9. Corwin EJ, Pajer K (2008) The psychoneuroimmunology of postpartum
depression. J Womens Health (Larchmt) 17: 1529–1534.
10. Dietz PM, Williams SB, Callaghan WM, Bachman DJ, Whitlock EP, et al.
(2007) Clinically identified maternal depression before, during, and after
pregnancies ending in live births. Am J Psychiatry 164: 1515–1520.
11. Cohn JF, Tronick E (1989) Specificity of infants’ response to mothers’ affective
behavior. J Am Acad Child Adolesc Psychiatry 28: 242–248.
12. Lovejoy MC, Graczyk PA, O’Hare E, Neuman G (2000) Maternal depression
and parenting behavior: a meta-analytic review. Clin Psychol Rev 20: 561–592.
13. Reck C, Hunt A, Fuchs T, Weiss R, Noon A, et al. (2004) Interactive regulation
of affect in postpartum depressed mothers and their infants: an overview.
Psychopathology 37: 272–280.
14. Chourbaji S, Gass P (2008) Glucocorticoid receptor transgenic mice as models
for depression. Brain Res Rev 57: 554–560.
15. Arnett MG, Kolber BJ, Boyle MP, Muglia LJ (2010) Behavioral insights from
mouse models of forebrain- and amygdala-specific glucocorticoid receptor
genetic disruption. Mol Cell Endocrinol.
16. Boyle MP, Brewer JA, Funatsu M, Wozniak DF, Tsien JZ, et al. (2005) Acquired
deficit of forebrain glucocorticoid receptor produces depression-like changes in
adrenal axis regulation and behavior. Proc Natl Acad Sci U S A 102: 473–478.
17. Ridder S, Chourbaji S, Hellweg R, Urani A, Zacher C, et al. (2005) Mice with
genetically altered glucocorticoid receptor expression show altered sensitivity for
stress-induced depressive reactions. J Neurosci 25: 6243–6250.
18. Wei Q, Lu XY, Liu L, Schafer G, Shieh KR, et al. (2004) Glucocorticoid
receptor overexpression in forebrain: a mouse model of increased emotional
lability. Proc Natl Acad Sci U S A 101: 11851–11856.
19. Beuzen A, Belzung C (1995) Link between emotional memory and anxiety
states: a study by principal component analysis. Physiol Behav 58: 111–118.
20. Calatayud F, Coubard S, Belzung C (2004) Emotional reactivity in mice may not
be inherited but influenced by parents. Physiol Behav 80: 465–474.
21. Zaharia MD, Kulczycki J, Shanks N, Meaney MJ, Anisman H (1996) The effects
of early postnatal stimulation on Morris water-maze acquisition in adult mice:
genetic and maternal factors. Psychopharmacology (Berl) 128: 227–239.
22. Anisman H, Zaharia MD, Meaney MJ, Merali Z (1998) Do early-life events
permanently alter behavioral and hormonal responses to stressors? Int J Dev
Neurosci 16: 149–164.
23. Carola V, Frazzetto G, Gross C (2006) Identifying interactions between genes
and early environment in the mouse. Genes Brain Behav 5: 189–199.
24. Francis DD, Meaney MJ (1999) Maternal care and the development of stress
responses. Curr Opin Neurobiol 9: 128–134.
25. Francis DD, Szegda K, Campbell G, Martin WD, Insel TR (2003) Epigenetic
sources of behavioral differences in mice. Nat Neurosci 6: 445–446.
26. Priebe K, Romeo RD, Francis DD, Sisti HM, Mueller A, et al. (2005) Maternal
influences on adult stress and anxiety-like behavior in C57BL/6J and BALB/cJ
mice: a cross-fostering study. Dev Psychobiol 47: 398–407.
27. Branchi I (2009) The mouse communal nest: investigating the epigenetic
influences of the early social environment on brain and behavior development.
Neurosci Biobehav Rev 33: 551–559.
28. Caldji C, Diorio J, Anisman H, Meaney MJ (2004) Maternal behavior regulates
benzodiazepine/GABAA receptor subunit expression in brain regions associated
with fear in BALB/c and C57BL/6 mice. Neuropsychopharmacology 29:
1344–1352.
29. Carola V, Frazzetto G, Pascucci T, Audero E, Puglisi-Allegra S, et al. (2008)
Identifying molecular substrates in a mouse model of the serotonin transporter6
environment risk factor for anxiety and depression. Biol Psychiatry 63: 840–846.
30. Carola V, Pascucci T, Puglisi-Allegra S, Cabib S, Gross C (2010) Effect of the
interaction between the serotonin transporter gene and maternal environment
on developing mouse brain. Behav Brain Res 217: 188–194.
31. Lesch KP, Mossner R (2006) Inactivation of 5HT transport in mice: modeling
altered 5HT homeostasis implicated in emotional dysfunction, affective
disorders, and somatic syndromes. Handb Exp Pharmacol. pp 417–456.
32. van der Staay FJ (2006) Animal models of behavioral dysfunctions: basic
concepts and classifications, and an evaluation strategy. Brain Res Rev 52:
131–159.
33. Hunt J, Simmons LW (2002) The genetics of maternal care: direct and indirect
genetic effects on phenotype in the dung beetle Onthophagus taurus. Proc Natl
Acad Sci U S A 99: 6828–6832.
34. Richter SH, Garner JP, Wurbel H (2009) Environmental standardization: cure
or cause of poor reproducibility in animal experiments? Nat Methods 6:
257–261.
35. Wu ¨rbel H (2002) Behavioral phenotyping enhanced-beyond (environmental)
standardization. Genes Brain Behav 1: 3–8.
36. Festing MF, Altman DG (2002) Guidelines for the design and statistical analysis
of experiments using laboratory animals. ILAR J 43: 244–258.
37. Tronche F, Kellendonk C, Kretz O, Gass P, Anlag K, et al. (1999) Disruption of
the glucocorticoid receptor gene in the nervous system results in reduced
anxiety. Nat Genet 23: 99–103.
38. Martin P, Bateson P (1993) Measuring behaviour. An introductory guide.
Cambridge: Cambridge University Press.
39. Champagne FA, Curley JP, Keverne EB, Bateson PP (2007) Natural variations
in postpartum maternal care in inbred and outbred mice. Physiol Behav 91:
325–334.
40. Hess CW, Hahn ME, Benno RH, Schanz N (2002) Prenatal cocaine exposure
alters maternal retrieval behavior in mice. Behav Genet 32: 259–266.
41. Holm S (1979) A simple sequentially rejective multiple test procedure.
Scandinavian Journal of Statistics 6: 65–70.
42. Hoshino K, Wakatsuki Y, Iigo M, Shibata S (2006) Circadian Clock mutation in
dams disrupts nursing behavior and growth of pups. Endocrinology 147:
1916–1923.
43. Veenema AH, Neumann ID (2009) Maternal separation enhances offensive
play-fighting, basal corticosterone and hypothalamic vasopressin mRNA
expression in juvenile male rats. Psychoneuroendocrinology 34: 463–467.
44. Arborelius L, Eklund MB (2007) Both long and brief maternal separation
produces persistent changes in tissue levels of brain monoamines in middle-aged
female rats. Neuroscience 145: 738–750.
45. Eklund MB, Johansson LM, Uvnas-Moberg K, Arborelius L (2009) Differential
effects of repeated long and brief maternal separation on behaviour and
neuroendocrine parameters in Wistar dams. Behav Brain Res 203: 69–75.
46. Choi H, Yamashita T, Wada Y, Narumoto J, Nanri H, et al. (2010) Factors
associated with postpartum depression and abusive behavior in mothers with
infants. Psychiatry Clin Neurosci 64: 120–127.
47. Galea LA, Wide JK, Barr AM (2001) Estradiol alleviates depressive-like
symptoms in a novel animal model of post-partum depression. Behav Brain Res
122: 1–9.
48. Smith JW, Seckl JR, Evans AT, Costall B, Smythe JW (2004) Gestational stress
induces post-partum depression-like behaviour and alters maternal care in rats.
Psychoneuroendocrinology 29: 227–244.
49. Brummelte S, Pawluski JL, Galea LA (2006) High post-partum levels of
corticosterone given to dams influence postnatal hippocampal cell proliferation
and behavior of offspring: A model of post-partum stress and possible depression.
Horm Behav 50: 370–382.
50. Champagne F, Meaney MJ (2001) Like mother, like daughter: evidence for non-
genomic transmission of parental behavior and stress responsivity. Prog Brain
Res 133: 287–302.
51. Coutellier L, Friedrich AC, Failing K, Wu ¨rbel H (2008) Variations in the
postnatal maternal environment in mice: effects on maternal behaviour and
behavioural and endocrine responses in the adult offspring. Physiol Behav 93:
395–407.
52. Iwata E, Kikusui T, Takeuchi Y, Mori Y (2007) Fostering and environmental
enrichment ameliorate anxious behavior induced by early weaning in Balb/c
mice. Physiol Behav 91: 318–324.
Maternal Care: Impact of Glucocorticoid Receptor?
PLoS ONE | www.plosone.org 7 April 2011 | Volume 6 | Issue 4 | e19218